A pproximately 2 to 3% of human T cell leukemia virus type 1 (HTLV-1)-infected individuals develop adult T-cell leukemia/lymphoma (ATL) and another 2 to 3% develop HTLV-1-associated myelopathy (HAM)/tropical spastic paraparesis (TSP) in their lifetimes (1-4). In addition to HAM/TSP (5, 6), HTLV-1 is also associated with other inflammatory conditions, such as uveitis (6) Sjögren's syndrome (7), bronchoalveolitis and arthritis (8), and polymyositis (9). It is noteworthy that some patients present with more than one of these inflammatory conditions (10). HTLV-1 primarily infects CD4 ϩ and CD8 ϩ effector and memory T cells and regulatory CD4 ϩ CD25 ϩ T cells (11, 12) . A high viral DNA burden in peripheral blood mononuclear cells (PBMCs) is a risk factor for HAM/TSP (13) and ATL development (14-16), and patients with HAM/TSP have a higher virus level in the cerebrospinal fluid (CSF) than in the peripheral blood (12). The virus level alone is not sufficient to differentiate symptomatic patients from healthy carriers, suggesting the importance of other factors, including the host immune response (16) (17) (18) (19) (20) . HAM/TSP patients present diverse immunological alterations, such as increased levels of spontaneous lymphocyte proliferation (21, 22), tax-specific cytotoxic CD8 ϩ T cell expansion, and the production of high levels of inflammatory cytokines (23) (24) (25) . Several studies have also suggested that monocytes are involved in immune reg-
A pproximately 2 to 3% of human T cell leukemia virus type 1 (HTLV-1)-infected individuals develop adult T-cell leukemia/lymphoma (ATL) and another 2 to 3% develop HTLV-1-associated myelopathy (HAM)/tropical spastic paraparesis (TSP) in their lifetimes (1) (2) (3) (4) . In addition to HAM/TSP (5, 6) , HTLV-1 is also associated with other inflammatory conditions, such as uveitis (6) Sjögren's syndrome (7), bronchoalveolitis and arthritis (8) , and polymyositis (9) . It is noteworthy that some patients present with more than one of these inflammatory conditions (10) . HTLV-1 primarily infects CD4 ϩ and CD8 ϩ effector and memory T cells and regulatory CD4 ϩ CD25 ϩ T cells (11, 12) . A high viral DNA burden in peripheral blood mononuclear cells (PBMCs) is a risk factor for HAM/TSP (13) and ATL development (14) (15) (16) , and patients with HAM/TSP have a higher virus level in the cerebrospinal fluid (CSF) than in the peripheral blood (12) . The virus level alone is not sufficient to differentiate symptomatic patients from healthy carriers, suggesting the importance of other factors, including the host immune response (16) (17) (18) (19) (20) . HAM/TSP patients present diverse immunological alterations, such as increased levels of spontaneous lymphocyte proliferation (21, 22) , tax-specific cytotoxic CD8 ϩ T cell expansion, and the production of high levels of inflammatory cytokines (23) (24) (25) . Several studies have also suggested that monocytes are involved in immune reg-ulation and disease progression in patients with HAM/TSP. Jones et al. showed that dendritic cells (DCs) can be efficiently infected in vitro by cell-free virus (26) , and Alais et al. went on to further show that the virus must be within cellular biofilms for DC infection (27) . In addition, DCs beneath the epithelial barrier can be infected by cell-free virus through a transcytosis mechanism (28) . Infected DCs have been shown to effectively transmit viruses to CD4 ϩ T cells (26, 27) . Moreover, HTLV-1-infected DCs can stimulate CD4 ϩ and CD8 ϩ T cells (29) , and infection of CD14 ϩ cells with the concomitant expression of interleukin-15 (IL-15) mediates spontaneous degranulation and gamma interferon (IFN-␥) production in CD8 ϩ T cells (30) . Furthermore, the maturation of DCs seems to be inhibited in HTLV-1-infected patients, which could contribute to the complex immune dysregulation that underlies HTLV-1 pathogenesis (31, 32) .
Altogether there appears to be a deregulation of immune responses that may be associated with abnormal immune stimulation. Monocytes are precursors of tissue macrophages and dendritic cells and play a central role in the immune response to pathogens. Monocytes can be infected in vitro and in vivo by HTLV-1 (26, 29, 30, (33) (34) (35) (36) (37) (38) (39) (40) . Furthermore, studies with nonhuman primates indicate that monocyte infection, which depends on the expression of the viral orf-I-encoded p8 and p12 proteins and the viral p30 protein, is pivotal for viral infectivity and persistence in vivo (38, 40, 41) . However, recent in vitro studies by others demonstrated that infection of primary monocytes is abortive due to the expression of the sterile alpha motif and histidine/aspartic acid domain-containing protein 1 (SAMHD1) restriction factor and that, by hydrolyzing endogenous deoxynucleoside triphosphates, it inhibits reverse transcription (RT) (42) , calling into question the role of monocytes in viral persistence.
In humans and nonhuman primates, peripheral blood monocytes can be classified into three main subsets on the basis of the expression levels of CD14 and CD16 molecules (43, 44) . CD14 ϩ
CD16
Ϫ monocytes, which are known as classical monocytes, are the most prevalent subset in human blood; CD14 ϩ CD16 ϩ monocytes are referred to as intermediate, and CD14 Ϫ CD16 ϩ monocytes are referred to as nonclassical (44, 45) . Classical monocytes express high levels of CCR2, while nonclassical monocytes express CX3CR1 (46) (47) (48) . Monocytes expressing high levels of surface CD16 are expanded in elderly individuals, as well as in a variety of inflammatory and infectious states (43, 44, 47, (49) (50) (51) . The CD16 ϩ monocytes are phenotypically activated and express elevated intracellular levels of proinflammatory cytokines (47, 50, 52) . Interestingly, patients with multiple sclerosis (MS), a neuroinflammatory disease, present a significant expansion in the proportion of the CD16 ϩ monocyte subset (53, 54) that responds with a pronounced decrease after glucocorticoid (GC) treatment (55) . During infection by some viruses, CD16
ϩ monocytes tend to increase (56) . In HIV infection, both nonclassical and intermediate monocytes are infected and expanded. Furthermore, HIV-infected monocytes and macrophages can be found in patients with no detectable plasma viral loads (57, 58) .
While monocytes also appear to be targets of HTLV-1 infection, their role in infection and the inflammatory stages of HAM/ TSP remains unknown. Here, we investigated whether monocyte subsets are infected by HTLV-1 by studying ex vivo PBMCs from HTLV-1-infected individuals with or without HAM/TSP and found that monocytes are infected and contribute to up to 15% of the total virus burden. HTLV-1 appears to alter their migratory and phagocytic functions to persist in the host.
MATERIALS AND METHODS

Primary cells.
For phenotyping and functional studies, PBMC samples were obtained from 10 healthy volunteers and 23 HTLV-1-infected patients. Among them, 15 individuals had HAM/TSP (these are referred to as HT patients) and 8 had HTLV-1-related diseases other than HAM/TSP and were designated to have no HAM/TSP (these are referred to as NHT patients) (Table 1) . PBMCs were isolated from EDTA-anticoagulated blood samples by density gradient sedimentation and frozen until assayed. Samples were obtained upon informed consent according to the Helsinki Statement, and the study was approved by the National Institute of Neurological Disorders and Stroke Institutional Review Board.
Phenotyping and sorting of PBMCs. PBMCs were thawed and stained with the antibodies anti-CD3 (Alexa Fluor 700), anti-
anti-CD95 (PE-Cy7), and anti-CD163 (APC), all of which were obtained from BD Biosciences, as well as anti-SAMHD1 (Proteintech Group). Antibody isotype controls were purchased from Life Technologies. The cells were also stained with LIVE/DEAD fixable yellow dead cell stain (Molecular Probes). The purity of each monocyte subset was confirmed directly following the sorting procedure on a FACSAria I cell sorter. CD4
ϩ and CD8 ϩ cells were isolated from the CD3 ϩ population using a Dynabeads CD4-positive isolation kit (Invitrogen), as described by the manufacturer.
DNA and RNA extraction. PBMCs and CD4 ϩ , CD8 ϩ , CD14 ϩ CD16 Ϫ , and CD14 ϩ CD16 ϩ sorted cells were submitted to genomic DNA and total RNA extraction. Genomic DNA was isolated using a DNeasy blood and tissue kit (Qiagen). PCR amplification was performed with 100 ng of DNA and first-round primers gag-F1 (5=-GGCCAAATCCTTTCC CGTAG-3=) and gag-R1 (5=-GTTGTGGATTGTTGGCTTGG-3=) and second-round primers gag-F2 (5=-GTCCCTCCAGTTACGATTTCC-3=) and gag-R2 (5=-AGGGAGGAGCAAAGGTACTG-3=). Correctly sized amplicons were identified by 1% agarose gel electrophoresis.
Total RNA was extracted from CD3 ϩ cells and classical, intermediate, and nonclassical monocytes isolated from PMBCs from two uninfected individuals and one HTLV-1-infected individual using an RNeasy minikit (Qiagen, Valencia, CA) and retrotranscribed using a QuantiTect reverse transcription kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The quantity and quality of the RNA were assessed on a NanoDrop spectrophotometer. Quantitative real-time RT-PCR (qPCR) of cDNA samples was performed with primers GAPDH-forward (5=-GG TCTCCTCCGACTTCAACA-3=) and GAPDH-reverse (5=-TGCTGTAG CCAAATTCGTTG-3=) to obtain the relative amounts of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) housekeeping gene and with primers CD3-forward (5=-CTGGACCTGGGAAACGCATC-3=) and CD3-reverse (5=-GTACTGAGCATCATCGATC-3=) to obtain the relative amounts of the target gene.
The relative level of expression of target genes was calculated, using delta delta threshold cycles (⌬⌬C T ), as the ratio between the level of expression of the target gene and the level of expression of the GAPDH housekeeping gene. The level of CD3 expression in Jurkat T cells was set equal to 1, and the remaining values are the fold change in expression compared to that in Jurkat T cells.
Quantitative HTLV-1 DNA detection. The level of HTLV-1 DNA (the viral load [VL]) in PBMCs and in sorted CD4 ϩ cells, CD8 ϩ cells, and monocyte subsets was determined using a QX100 digital droplet PCR (ddPCR) system (Bio-Rad). The assay was performed as described before (59) . Briefly, primers specific for HTLV-1 tax and the RNase P protein subunit P30 (RPP30) or the ␤-actin housekeeping gene were used. The standard curve for HTLV-1 tax was derived from the DNA of the TARL-2 murine cell line (60) , which carries one copy of the tax gene (pX) per cell. For qPCR analysis, Via7 (version 1.2.1) software (Applied Biosystems, Foster City, CA) was used. All samples were run in triplicate, and the average quantity was used to calculate the VL. The VL was calculated as the percentage of infected cells using the following formula: [(quantity of HTLV-1 tax)/(quantity of housekeeping gene/2)] ϫ 100.
Phagocytosis assay. The phagocytic activity of the monocyte subsets was measured by using a pHrodo Red Escherichia coli BioParticles phagocytosis kit for flow cytometry (Molecular Probes). First, CD3 ϩ cells were depleted from PBMCs derived from 9 HTLV-1-infected individuals (1 NHT and 8 HT individuals) and 8 uninfected individuals, as described above, using human CD3 microbeads (Miltenyi Biotec) for positive selection on an autoMACS separator. The flowthrough cells (CD3-depleted PBMCs) were used for the phagocytosis assay, and 5 ϫ 10 6 cells were incubated with 2 ml of 5% RPMI at 37°C in 5% CO 2 for 45 min for adherence. The pHrodo Red E. coli BioParticles, whether they were opsonized or not, were added to the PBMCs at a ratio of 1:20, and the cells were incubated at 37°C for an additional 1 h. The opsonization was carried out by treating 3 ϫ 10 8 pHrodo Red E. coli BioParticles with 100 l of an pHrodo Red E. coli BioParticle opsonizing reagent (Molecular Probes) at 37°C for 1 h. The cells were then lifted using the StemProAccutase cell dissociation reagent (Gibco) at 37°C for 20 min, recovered by centrifugation, and washed once in phosphate-buffered saline (PBS). Next, the cells were stained with anti-CD14 (FITC), anti-CD16 (Pacific Blue), and anti-CD3 (Alexa 700), all of which were from BD Biosciences. Percent phagocytosis was measured using an LSR II flow cytometer (BD Biosciences) and FlowJo (version 9.4) software (TreeStar).
Chemotaxis assay. The chemotaxis assay was performed as previously reported (61) with some modifications. Briefly, 600 l RPMI medium containing 0.5% fetal bovine serum (FBS) with no chemokine or with chemokine (R&D Systems) was added to a 12-well plate. The chemokines included 25 ng/ml CCL2, 50 ng/ml CCL5, 150 ng/ml CXCL9, or 20 ng/ml CXC3L1 or all chemokines (mix) in the same well (12.5 ng/ml CCL2, 25 ng/ml CCL5, 75 ng/ml CXCL9, 10 ng/ml CX3CL1). The concentrations of the chemokines were determined by dose-response experiments or as described previously (62) (63) (64) (65) (66) (67) (68) . Cell culture inserts with 5.0-m-pore-size membranes (12-well Millicell cell culture inserts; Millipore) were placed in each well, and 5 ϫ 10 6 PBMCs suspended in 300 l of 0.5% FBS-RPMI medium were added to the insert. The cells were incubated at 37°C in 5% CO 2 for 3 h, after which the inserts were moved to new wells containing 1 ml of enzyme-free, PBS-based dissociation buffer (Life Technologies, Gibco) to remove cells that went through the pore but that were still bound to the insert membrane. After a 30-min incubation at 37°C in 5% CO 2 , the two populations were combined and all migrated cells were recovered by centrifugation and stained with the following antibodies: anti-CD14 (PE), anti-CD16 (Pacific Blue), anti-CD191 (Alexa Fluor 647), anti-CD197 (Alexa Fluor 700), anti-CD3 (PE-CF594), anti-CD183 (PE-Cy5), and anti-CD195 (PE-Cy7) from BD Pharmingen and anti-CX3CR1 (PerCP-Cy5.5), anti-CCR2 (Brilliant Violet 605), and anti-HLA-DR (APC-Cy7) from BioLegend. The cells were then transferred to Trucount bead tubes (BD Trucount/BD Biosciences), and the volume was adjusted. The cells and 10,000 events with beads were acquired on an LSR II flow cytometer (BD Biosciences) and analyzed using FlowJo (version 9.4) software (TreeStar). The absolute number of migrated cells was calculated using the following formula according to the instructions of BD: (number of events in the region containing cells/number of events in absolute count bead region) ϫ (number of beads per test/test volume) ϭ absolute cell count. phenotypically defined and classified into three main subsets by their surface expression of CD14 and CD16 (44) . Because of the association between HTLV-1 infection and inflammation, we studied monocyte frequency and function in 22 HTLV-1-infected individuals, 14 of whom had HAM/TSP (HT patients) and 8 of whom were either asymptomatic or had HTLV-1-associated conditions and were designated to have no HAM/TSP (NHT patients) ( Table 1 ). At the time of blood collection, all these patients had a detectable virus burden in their PBMCs ( Table 1 ). The gating strategy of the phenotypic analysis is outlined in Fig. 1A (panels a and b). This strategy allowed us to define the frequencies of
RESULTS
HTLV-1 infection is associated with a decreased frequency of classical monocytes and an increased frequency of nonclassical monocytes. Monocyte subsets with different functions have been
CD14 ϩ CD16 Ϫ (classical), CD14 ϩ CD16 ϩ (intermediate),
and CD14
Ϫ CD16 ϩ (nonclassical) monocytes. The staining profiles of 10 uninfected healthy donors were used for comparison. We found no significant difference in the overall frequency of monocytes in the blood of HTLV-1-infected individuals and the blood of uninfected healthy donors (data not shown). However, when we analyzed monocyte subsets, we saw a significant reduction in the frequency of the classical monocytes ( Fig. 1B ; P ϭ 0.0004) and an increase in the frequency of the nonclassical monocytes ( Fig.  1B ; P ϭ 0.0003) in HTLV-1-infected individuals compared to their frequencies in the controls. No significant difference in the frequency of intermediate monocytes was observed between the two groups ( Fig. 1B ; P ϭ 0.13). The frequency of the monocyte subsets did not differ between HTLV-1-infected individuals with HAM/TSP and HTLV-1-infected individuals without HAM/TSP (Fig. 1C) . This pattern shows that infected patients had lower levels of classical monocytes, comparable levels of intermediate monocytes, and higher levels of nonclassical monocytes relative to the levels in uninfected patients. By repeated-measures regression analysis of the arcsine-transformed percentages, this trend was significant at a P value of Ͻ0.0001. The estimated mean differences between uninfected and infected patients were 16% (95% confidence interval [CI], 9% to 24%) for classical monocytes, Ϫ3% (95% CI, Ϫ9% to 2%) for the intermediate monocytes, and Ϫ6% (95% CI, Ϫ8% to Ϫ3%) for the nonclassical monocytes. Together these results suggest that HTLV-1 infection alters the physiological ratio of peripheral CD14 ϩ and CD16 ϩ monocytes.
Contribution of monocyte subsets to viral burden in PBMCs.
HTLV-1 is primarily found in CD4
ϩ T cells but has also been detected in CD8 ϩ T cells and B cells. In addition, HTLV-1 can infect monocytes in vitro, and viral DNA has been found in monocytes from infected individuals (26, 29, 30, 33, 35, 39) . Because the viral burden correlates with HAM/TSP development (13, 69), we wished to investigate whether all monocyte subsets are susceptible to HTLV-1 infection and to what extent the viral DNA in monocytes contributes to the total virus burden. To address this, we sorted monocyte subsets from a total of 8 HTLV-1-infected individuals using the gating strategy depicted in Fig. 1A (panel c) . We excluded the possibility of T cell contamination of the sorted monocyte subsets by performing a qPCR to measure the expression of the CD3 mRNA. The CD4 ϩ Jurkat cell line and the monocytoid THP-1 cell line were used as a positive control and a negative control, respectively. The level of expression of the PCR product was normalized to the level of expression of the housekeeping GAPDH gene, and the level of CD3 mRNA expression was compared to that detected in Jurkat T cells. As expected, CD3 mRNA was readily detected in the Jurkat T cells and in the sorted CD3 ϩ T cells but not in any monocyte subset from either of the uninfected patients ( Fig. 2A, black and dark gray bars) . To further confirm the reproducibility of our sorting approach, we also tested the PBMCs from patient HT-6 (Table 2 ) by performing two independent sorting and RNA analyses. As demonstrated in Fig.  2A (light gray bar) , CD3 mRNA was readily detected in T cells but not the monocytoid THP-1 cell line or in monocyte subsets. Next, we extracted genomic DNA from patients HT-3 and HT-10 ( Table  2 ) and performed nested PCR using primers that detect the HTLV-1 gag gene (Fig. 2B) . We found viral sequences in the positive-control MT-2 cell line, in the patients' CD4 ϩ and CD8 ϩ T cells, as well as in all the monocyte subsets. As expected, PBMC DNA from an uninfected individual was negative for viral sequences. In order to assess the contribution of the monocyte subsets to the total viral burden in PBMCs, we quantified by digital droplet PCR (59) the viral copy number in each subset from seven Fig. 2C ). Interestingly, among the monocyte subsets, the nonclassical monocytes had the highest virus burden with a mean value of 2.88%, whereas the mean values for the classical and intermediate subsets were 0.94% and 0.50%, respectively (Fig. 2C) . The contribution to the total viral burden of CD4 ϩ T cells was 73.55%, and that of CD8 ϩ T cells was 18.55%. These values were significantly higher than those found in monocytes (Wilcoxon rank sum test). The monocyte contribution to the viral burden ranged from 0% to 15.13% (Fig. 2D) .
HTLV-1 infection is associated with increased chemokine receptor expression on monocyte subsets but does not affect their phagocytic function. The surface expression of chemokine receptors on monocytes influences their responsiveness to cytokines/ chemokines and, in turn, their function. Therefore, we evaluated the expression of CCR1, CCR2, CCR5, CXCR3, and CX3CR1 in each monocyte subset from 8 uninfected and 10 HTLV-1-infected individuals. We observed a higher percentage of classical monocytes expressing CCR5 (P ϭ 0.0085), CXCR3 (P ϭ 0.027), and CX3CR1 (P ϭ 0.0.034) in the HTLV-1-infected group than in the uninfected group of individuals (Fig. 3A to C) . A higher percentage of nonclassical monocytes from HTLV-1-infected individuals than from uninfected individuals expressed CCR1 (P ϭ 0.016), CXCR3 (P ϭ 0.021), and CX3CR1 (P ϭ 0.011) but not CCR5. No significant difference in surface marker expression on intermediate monocytes was seen between the two groups ( Fig. 3A to D) . While CCR2 surface marker expression varied among the different subsets, the levels within a subset did not change between infected and uninfected individuals (data not shown). Next, we investigated whether HTLV-1 infection affected the migration of monocyte subsets by using the Boyden chamber assay (70) . PBMCs from 8 uninfected individuals and 10 HTLV-1-infected patients were used to evaluate the chemotaxis of monocytes for the chemokines CCL2, CCL5, CXCL9, and CX3CL1. The absolute number of migrated cells was obtained using BD Trucount beads. The number of migrated cells was determined by finding the absolute number of cells in the chamber with a given chemokine minus the absolute number of cells in the chamber without that chemokine. While no difference in monocyte migration in response to CCL2, CXCL9, or CX3CL1 was found between HTLV-1-infected and uninfected individuals (data not shown), intermediate monocytes from infected individuals had higher levels of migration in response to CCL5 (P ϭ 0.012). This was observed at two different concentrations of CCL5 (Fig. 3E and data not  shown) .
Next, we investigated whether there was a correlation between HTLV-1 infection and the phagocytic activity of monocyte subsets. PBMCs from eight uninfected individuals and nine HTLV-1-infected individuals (eight individuals with TSP and one asymptomatic individual) were depleted of CD3 ϩ cells to enrich for monocytes. Using pHrodo Red E. coli BioParticles and anti-CD14 and anti-CD16 antibodies, we were able to monitor by flow cytometry the phagocytic ability of specific cell populations. The phagocytic activity of both nonopsonized (data not shown) and opsonized BioParticles was measured. No significant difference in the phagocytic activity of the three monocyte subsets from the HTLV-1-infected and uninfected individuals was found (Wilcoxon rank sum test; Fig. 3F ).
Correlations between monocyte subset function and virus burden. We assessed the association between the viral DNA level in the monocyte subsets and their function as well as the viral DNA levels in CD4 ϩ T cells, CD8 ϩ T cells, and total PBMCs. We observed a significant positive correlation between classical monocyte migration to CCL2, CCL5, and CX3CL1 and the viral DNA level (r ϭ 0.88 and P ϭ 0.0072, r ϭ 0.76 and P ϭ 0.037, and r ϭ 0.90 and P ϭ 0.0046, respectively; Fig. 4A to C) . We did not find a correlation between the viral DNA level and CCL5 chemotaxis in intermediate monocytes (data not shown). There was an inverse correlation between the virus burden in intermediate monocytes (CD14 ϩ CD16 ϩ ) and their phagocytic function (r ϭ Ϫ0.96, P ϭ 0.033), (Fig. 4D) . We observed positive trends between the viral DNA burden in nonclassical monocytes (CD14 Ϫ   CD16 ϩ ) and that in CD4 ϩ and CD8 ϩ T cells (r ϭ 0.69, P ϭ 0.069 for both comparisons) (data not shown).
SAMHD1 expression. Recently, the sterile alpha motif and histidine/aspartic acid domain-containing protein 1 (SAMHD1), a deoxynucleoside triphosphate triphosphohydrolase and 3=-5= exonuclease, was shown to act as a viral restriction factor that prevents HTLV-1 reverse transcription in primary monocytes in vitro (42) . In this study, we detected HTLV-1 DNA in all three monocyte subsets, suggesting either that in vivo the virus overcomes SAMHD1 restriction to infect monocytes or that not all monocytes express SAMHD1. We therefore investigated the level of SAMHD1 expression by fluorescence-activated cell sorting in different subsets of PBMCs from five uninfected individuals and five infected individuals following staining with antibodies to CD3, CD4, CD8, CD14, CD16, and SAMHD1. A representative example for an uninfected individual is shown in Fig. 4E to G. This allowed us to evaluate the percentage of positive cells as well as the level of intracellular SAMHD1 in individual cell populations. Within each monocyte subset as well as in CD4 ϩ and CD8 ϩ cells from uninfected individuals, we observed the proportion of SAMHD1-negative cells to range from approximately 30% for T cells to from 40 to 70% for monocytes (Table 3) . Interestingly, analyses of the mean fluorescent intensity of SAMHD1 staining in SAMHD1-positive cells showed that the mean fluorescence intensity was the lowest in CD4 ϩ T cells and the highest in the nonclassical monocytes (Table 3 ). When HTLV-1-infected CD4 ϩ and CD8 ϩ cells were compared to uninfected cells, we detected a shift to a higher level of expression of SAMHD1 in CD4 ϩ and CD8 ϩ cells, resulting in an increase in the percentage of SAMHDI-positive CD4 ϩ and CD8 ϩ cells (Table 3 ). More strikingly, we saw a shift in the percentage of SAMHD1-positive cells in the monocyte subsets of HTLV-1-infected samples (Table 3) . Thus, while all cell types appeared to contain two populations of SAMHD1-expressing cells, HTLV-1 infection appeared to cause a shift to increased SAMHD1 expression.
DISCUSSION
Monocytes bridge innate and adaptive immune functions and are thought to be involved in several inflammatory conditions. Monocyte subsets with distinct functions can be classified according to the expression of CD14 (the lipopolysaccharide receptor), CD16 (the FcyRIII receptor), and CCR2 (the receptor for the CCL2 chemokine). Both the CD14 ϩ CD16 Ϫ classical monocytes and CD14 ϩ CD16 ϩ intermediate monocytes are phagocytic, and the latter are also thought to mediate antigen presentation and produce high levels of cytokines that modulate immune responses. The CD14 Ϫ CD16 ϩ nonclassical monocytes also mediate adaptive immune responses and patrol the blood/endothelial border, but because of their low level of CCR2 expression, they are limited in their transendothelial migration ability. Nonclassical monocytes have anti-inflammatory functions. We hypothesized that monocyte numbers and functions may be affected by HTLV-1 infection and studied monocyte subset frequencies and functions and the contribution of monocytes to the viral burden (72) . This may suggest that viral infection primes the cells but further stimulation is needed to induce chemotaxis. This is supported by the findings of Li et al., who showed that extracellular signal-regulated kinase (ERK) activation influences the chemotaxis of mature human cord blood monocyte-derived dendritic cells (73) . Interestingly, we did find a significant positive correlation with classical monocyte migration to CCL2, CCL5, and CX3CL1 and the viral burden. This raises the possibility that classical monocyte migration into tissues may result in their infection in vivo. CCL2 has been suggested to circulate in the lymph and bind to high endothelial venules in lymph nodes, thereby guiding monocytes into the lymph nodes (74) . In contrast to the findings of Amorim et al. (71), we observed no differences in the frequency of intermediate monocytes in HTLV-1-infected and uninfected individuals. Possible explanations for the difference in subset frequencies found in our study and those found in the study of Amorim et al. (71) are variations in the gating strategies used and/or the HAM/TSP patient populations tested. The HAM/TSP individuals in our study had viral DNA levels ranging from 39,100 to 311,900 copies/10 6 cells, whereas in the study of Amorim et al. (71) the range was 932 to 1,186,254 copies/10 6 cells. In addition, Amorim and colleagues (71) did not determine the viral burden in the monocytes or the individual monocyte subsets from infected individuals. This may also contribute to the differences between their findings and ours.
Although we found no change in the frequency of intermediate monocytes, we did find that this population had a greater capacity to migrate in response to CCL5 (a chemokine that recruits T cells, monocytes, and eosinophils to inflammatory sites) in infected individuals than in uninfected individuals. In addition, there was a negative correlation with their viral burden and their phagocytic activity, suggesting an impairment of this function. A study with macrophages infected with respiratory syncytial virus showed that CCR5 activation upon CCL5 interaction initiates dual signals, MEK-ERK and phosphatidylinositol 3-kinase-AKT, which are essential for inhibition of apoptosis of virus-infected cells (75) . The increased migration of intermediate monocytes toward CCL5 could be a mechanism by which HTLV-1 drives monocytes to the inflammation site, where the infected cells would be resistant to apoptosis. The authors also showed that "CCR5 mRNA expression is influenced by viral infection so that expression of CCR5 protein may depend on increased translation or accelerated transport of CCR5 to the cell surface" (75) . These regulatory mechanisms could explain the increased migration of intermediate monocytes toward CCL5, despite unchanged levels of CCR5. Interestingly, the HTLV-1 Tax protein can induce the expression of CC chemokines, including CCL5, by PBMCs (76) . Lastly, the frequency of nonclassical monocytes (CD14 Ϫ CD16 ϩ ) was augmented in HTLV-1-infected individuals, and within this population, the percentage of cells expressing the CCR1, CXCR3, and CX3CR1 chemokine receptors was higher. Importantly, we found strong trends between the viral burden in nonclassical monocytes and that in both CD8 ϩ and CD4 ϩ T cells. Collectively, these data suggest a model whereby the inflammatory milieu associated with HTLV-1 infection results in the upregulation of chemokine receptor expression on monocytes and favors the extravasation of classical monocytes, the most abundant monocyte population in blood, which in turn may become infected. Similarly more intermediate monocytes may be recruited to inflammatory tissue by CCL5, become infected, and be impaired in their phagocytic capacity. Finally, nonclassical monocytes, whose frequency is augmented in blood, may be a conduit for the transmission of HTLV-1 to T cells (Fig. 5) .
Whether the altered numbers of classical and nonclassical monocytes found in this study is the cause or the result of abnormal immune stimulation and the release of chemokines and cytokines in tissues remains unclear. HTLV-1 infection is characterized by the production of high levels of Th1 inflammatory cytokines in blood and cerebrospinal fluid and increased levels of IFN-␥, tumor necrosis factor alpha (TNF-␣), IL-2, and proinflammatory IL-6, particularly in patients with HAM/TSP (77, 78) . CX3CR1 is the receptor for fractalkine and is highly expressed on CD16 ϩ cells, which migrate in response to fractalkine, which is known to induce high levels of transendothelial migration of CD16 ϩ monocytes (50) . Importantly, the membrane-bound form of fractalkine is expressed on endothelial cells after stimulation with the inflammatory cytokine TNF-␣ or IL-1 (79) .
The levels of chemokines and their receptors are altered in patients with neurodegenerative disorders. CX3CR1 ϩ nonclassical monocytes are recruited to the inflamed central nervous system (CNS) in patients with multiple sclerosis (MS) (80) , and the CX3CR1 ligand, CX3CL1, serves as a neuronal regulatory protein controlling microglia activation under physiological conditions. Depending on the type of CNS injury, the CX3CL1/CX3CR1 axis plays a different role in neurodegeneration compared with the role that it plays in neuroprotection (81) . The levels of the chemokine receptors CXCR3 and CCR5 expressed on Th1 cells are increased in the CSF and brain lesions of patients with active demyelinating MS (82) . The levels of the serum chemokines CCL5, CXCL8, CXCL9, and CXCL10 are altered in HTLV-1 infection (83) , and a correlation with high levels of CXCL9 and CXCL10 in the CSF (84) and low levels of CCL2 in HAM/TSP in serum (85) has been described.
Although it was previously demonstrated that HTLV-1 infection of primary monocytes in vitro is nonproductive (42), we believe that our data show that all three monocyte subsets are infected in vivo. Consistent with our results, ex vivo monocytes were shown to express HTLV-1 antigens when cultured for a short period of time (36) . Analyses of uninfected cell populations demonstrated that within each subset of cells there are SAMHD1-positive and -negative populations. However, in HTLV-1-infected individuals, these populations shifted such that we detected an increase in the percentage of SAMHD1-positive monocyte populations. It is known that HTLV-1 infection causes local and systemic inflammation, and perhaps this inflammatory response alters SAMHD1 expression. In addition, SAMHD1 expression has been shown to be regulated by interferons (86) (87) (88) (89) . We recently showed that expression of the HTLV-1 p30 protein dampens interferon responses in monocytes and dendritic cells by blocking the expression of interferon-responsive genes (40) . Thus, more studies are needed to determine whether HTLV-1 preferentially infects SAMHD1-negative monocytes in vivo, what role HTLV-1 regulatory proteins play, and how SAMHD1 is regulated in different cell types.
How and under which conditions the infected monocytes transmit HTLV-1 to T cells or vice versa remain unclear, but it is tempting to speculate that viral transmission may occur during the process of antigen presentation and T cell activation. Our data point to a key role of monocytes in perpetuating viral infection in vivo and imply that therapeutic approaches aimed at decreasing the viral burden and the risk of disease development in HTLV-1-infected individuals should include a strategy that inhibits infection of monocytes. ϩ and CD4 ϩ T cells. Briefly, the hypothesis is that in HTLV-1 infection, more classical monocytes leave the blood and go to tissues, where they acquire HTLV-1 infection. Similarly intermediate monocytes more often migrate to inflammatory sites in tissue in response to CCL5, but their phagocytic function decreases and their virus burden increases. Lastly, nonclassical monocyte levels increase in blood, and the virus burden in nonclassical monocytes reflects that in CD4 ϩ and CD8 ϩ T cells.
